Tungsten tetraboride (WB 4 ) is an interesting candidate as a less expensive member of the growing group of superhard transition metal borides. WB 4 was successfully synthesized by arc melting from the elements. Characterization using powder X-ray diffraction (XRD) and energy-dispersive X-ray spectroscopy (EDX) indicates that the as-synthesized material is phase pure. The zeropressure bulk modulus, as measured by high-pressure X-ray diffraction for WB 4 , is 339 GPa. Mechanical testing using microindentation gives a Vickers hardness of 43.3 AE 2.9 GPa under an applied load of 0.49 N. Various ratios of rhenium were added to WB 4 in an attempt to increase hardness. With the addition of 1 at.% Re, the Vickers hardness increased to approximately 50 GPa at 0.49 N. Powders of tungsten tetraboride with and without 1 at.% Re addition are thermally stable up to approximately 400°C in air as measured by thermal gravimetric analysis.
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dispersion hardening | indentation hardness | intrinsic hardness | nano-indentation hardness | solid solutions I n many manufacturing processes, materials must be cut, formed, or drilled, and their surfaces protected with wearresistant coatings. Diamond has traditionally been the material of choice for these shaping operations, due to its superior mechanical properties (e.g., hardness > 70 GPa) (1, 2) . However, diamond is rare in nature and difficult to synthesize artificially due to the need for a combination of high temperature and high pressure. Industrial applications of diamond are thus generally limited by cost. Moreover, diamond is not a good option for high-speed cutting of ferrous alloys due to its graphitization on the material's surface and formation of brittle carbides, which leads to poor cutting performance (3) . Other hard or superhard (hardness ≥ 40 GPa) substitutes for diamond include compounds of light elements such as cubic boron nitride (4) and BC 2 N (5) or transition metals combined with light elements such as WC (6) , HfN (7) , and TiN (8) . Although the compounds of the first group (B, C, or N) possess high hardness, their synthesis requires high pressure and high temperature and is thus nontrivial (9, 10) . On the other hand, most of the compounds of the second group (transition metal-light elements) are not superhard although their synthesis is more straightforward.
To overcome the shortcomings of diamond and its substitutes, we have been pursuing the synthesis of dense transition metal borides, which combine high hardness with synthetic conditions that do not require high pressure (11, 12) . For example, arc melting and metathesis reactions have been used to synthesize the transition metal diborides OsB 2 (13, 14) , RuB 2 (15), and ReB 2 (16) (17) (18) (19) (20) . Among these, rhenium diboride (ReB 2 ) with a hardness of approximately 48 GPa under a load of 0.49 N has proven to be the hardest (16, 21) . The boron atoms are needed to build the strong covalent metal-boron and boron-boron bonds that are responsible for the high hardness of these materials (12) . Because of this, it is expected that by increasing the concentration of boron in these types of lattices, the hardness could increase. Most transition metals, however, form compounds with low boron content. Tungsten is one of the few transition metals that is known for its ability to form higher boron content borides. In addition to tungsten diboride (WB 2 ), which is not superhard (22, 23) , tungsten is able to form tungsten tetraboride (WB 4 ), the highest boride of tungsten that exists under equilibrium conditions (24) (25) (26) . The advantage of this material over other borides are: (i) Both tungsten and boron are relatively inexpensive, (ii) the lower metal content in the higher borides reduces the overall cost of production because the more costly transition metal is being replaced by less expensive boron thus reducing the cost per unit volume, and (iii) the higher boron content lowers the overall density of the structure, which could be beneficial in applications where lighter weight is an asset.
Tungsten tetraboride was originally synthesized in 1966 (24) and its structure assigned to an hexagonal lattice (space group: P6 3 ∕mmc). The possibility of high hardness in this material was first suggested by Brazhkin et al. (27) , and we discussed its potential applications as a superhard material in a Science Perspective in 2005 (12) . Recently, Gu et al. (28) reported hardness values of 46 and 31.8 GPa under applied loads of 0.49 and 4.9 N, respectively, and a bulk modulus of 200-304 GPa without giving any synthetic details or even presenting an X-ray diffraction pattern. Because superhard materials have shown a large loaddependent hardness (13, 16) , commonly referred to as the "indentation size effect," reporting a single hardness value for these materials is insufficient and suggests that a more detailed study is needed. Therefore, here we examine the hardness of tungsten tetraboride using micro-and nano-indentation. Furthermore, with a valence electron density of 0.485 e − Å −3 (11) , which is comparable to that of ReB 2 (0.477 e − Å −3 ), the bulk modulus of 200-304 GPa reported by Gu et al. for this material seems low compared to other superhard transition metal borides such as ReB 2 , with a bulk modulus of 360 GPa (16) , and therefore requires further investigation. Because the purity of superhard materials directly influences their mechanical properties (29) , the existence of other borides of tungsten in the samples might explain the anomalously low bulk modulus. Making solid ingots of phase pure WB 4 is especially challenging because the tungstenboron phase diagram indicates that WB 2 is thermodynamically favorable with any W∶B molar ratio below 1∶12 (24) .
Beyond producing data on well characterized phase pure materials, a second goal of this work is to develop ways to further enhance the hardness of this economically interesting hard material. It is well known that the hardness of a material can be increased using different dislocation-locking mechanisms such as solid solution hardening, dispersion hardening and grain boundary strengthening (30) . The possibility of enhancing the mechanical properties of transition metal borides specifically by introducing a third element into their structure has shown some promise due to solid solution hardening (31) . Therefore, adding a third element with a size close to W (such as Re) into WB 4 to test the formation of either substitutional solid solutions or dispersed phases leading to an increased hardness could be of considerable interest. By taking this approach and an appropriate design of microstructure, switching from an intrinsic superhard material to an extrinsic superhard material, with enhanced mechanical properties, is an intriguing possibility. While diamond, c-BN, BC 2 N, and some other nitrides are well known as intrinsic superhard materials, polycrystalline heterostructures and nanocomposites are good examples of extrinsic superhard materials (32) .
The objective of the work presented here is to synthesize and characterize pure tungsten tetraboride and examine its hardness and bulk modulus. Furthermore, we explore the possibility of improving the hardness of this compound by making solid solutions with rhenium. Fig. 1 displays the X-ray diffraction (XRD) pattern of a tungsten tetraboride (WB 4 ) sample synthesized by arc melting. The XRD pattern matches very well with the reference data available for this material in the Joint Committee on Powder Diffraction Standards (JCPDS) database (24) . The WB 4 pattern clearly shows that no crystalline impurity phases, such as tungsten diboride (WB 2 with major peaks at 2θ ¼ 25.683°, 34.680°and 35.275°), are present. The purity was confirmed using energy-dispersive X-ray spectroscopy (EDX). The sample does, however, contain some amorphous boron, which cannot be observed using XRD.
Results and Discussion
Once phase pure WB 4 ingots were obtained by arc melting followed by cutting and polishing, Vickers microindentation hardness testing was carried out on optically flat samples with the results depicted in Fig. 2 . Hardness values of 43.3 AE 2.9 GPa under an applied load of 0.49 N (low load) and 28.1 AE 1.4 GPa under an applied load of 4.9 N (high load) were measured for pure tungsten tetraboride. While there are no theoretical or experimental data in the literature for medium loads (2.94, 1.96, and 0.98 N), the low-load hardness value of 43.3 GPa is very close to a theoretical prediction of 41.1-42.2 GPa (33), and both low-load and high-load hardness values are a bit lower than the experimental values of 46.2 GPa and 31.8 GPa, respectively, reported by Gu et al. (28) . Moreover, the load-dependent hardness, commonly known as the indentation size effect (34) as seen in Fig. 2 , has been observed with several other superhard materials as well (14, 16) . This behavior has been attributed to the role of friction in indentation (35) and the recovery of the elastic component of deformation after unloading, which is prevalent in smaller indents, as well as the material's intrinsic response to different loads (36, 37) .
In addition, nano-indentation hardness values of 40.4AE 1.2 GPa (at a penetration depth of 250 nm) and 36.1 AE 0.6 GPa (at a penetration depth of 1,000 nm) were measured for WB 4 from the load-displacement curves, a typical one of which is presented in Fig. 3 . The small pop-in events, observed in this figure, may be due to a burst of dislocations, elastic-plastic deformation transitions, or initiation and propagation of subsurface cracks (15) . From this test, we estimate an elastic (Young's) modulus of 553 AE 14 GPa for WB 4 . The discrepancy between the hardness data obtained from microindentation and nano-indentation can be attributed to the differences in the geometry and shape of the indenters, depth of penetration of the indenters, and hardness measurement methods (11) . These high hardness values, regardless of the method of measurement, indicate that WB 4 , within experimental errors, is similar in hardness to rhenium diboride, which possesses microindentation and nano-indentation hardness values of 48.0 AE 5.6 GPa and 39.5 AE 2.5 GPa, respectively (16, 19) . This is very encouraging considering that tungsten is much less expensive than rhenium. Note also that the hardness of WB 4 is considerably higher than that of OsB 2 and RuB 2 (15) and at least 1.5 times that of the traditional material used for machine tools, tungsten carbide (38) (39) (40) . The high hardness of WB 4 may be associated with its unique crystal structure consisting of a three-dimensional network of boron with tungsten atoms sitting in the voids (Fig. S1) . The short bonds of the boron-boron dimers (1.698 Å) and their connections to the boron hexagonal planes above and below likely contribute to the high hardness of this material (28, 33) . Because superhard materials usually possess a high bulk modulus, high-pressure X-ray diffraction was used to measure the bulk modulus of WB 4 , following the procedure explained in Materials and Methods and in Eqs. 5 and 6. This study of the compressibility of WB 4 under hydrostatic pressure resulted in a zero-pressure bulk modulus, K 0 , of 339 AE 3 GPa obtained using a second-order finite strain equation of state fit (Fig. 4) . This value is close to theoretically predicted values (292.7-324.3 GPa) and about 11% higher than the bulk modulus of 304 GPa previously reported for this material (28, 33) . The theoretical and experimental bulk modulus values both exceed 185-224 GPa for pure boron (41) and 308 GPa for pure tungsten (27) .
Once the properties of WB 4 were well characterized, the possibility of increasing its hardness was investigated by adding rhenium to WB 4 in an attempt to make solid solutions. Compositions of the samples were confirmed with EDX. The microindentation hardness data for these compounds are plotted in Fig. 5 . The hardness under low load (0.49 N) increases from 43.3 GPa for WB 4 to a maximum of 49.8 GPa for 1 at.% Re addition. It then decreases to about 29 GPa for 20 at.% Re and increases again to 34 GPa for 50 at. % Re. Similar trends are seen for loads of 0.98, 1.96, 2.9 and 4.9 N.
The XRD patterns for all these compounds are presented in Fig. 6 in order to follow the structural transitions. In this figure, the top pattern belongs to WB 4 with no Re addition, while the bottom pattern with a W∶Re ratio of 1∶1 matches the ReB 2 pattern (JCPDS ref. code 00-011-0581). However, because the peaks of the pattern of this compound are shifted with respect to those of pure ReB 2 , this material appears to be a solid solution of ReB 2 with W, i.e. Re 1−x W x B 2 . On the other hand, no shifts are observed in the peaks of WB 4 with the addition of Re, indicating that W x Re 1−x B 4 solid solutions do not form under these synthetic conditions. By following the major peak of the Re 1−x W x B 2 solid solution (the 101) from top to bottom, as highlighted inside the dotted rectangle, it is clear that this peak begins to appear at 0.5 at.% Re addition and increases substantially at 10 at.% Re.
Based on the rhenium-boron binary phase diagram, it appears that the Re 1−x W x B 2 phase should precipitate from the melt first. If this is the case, it could serve as nucleation sites for WB 4 formation, resulting in Re 1−x W x B 2 grains dispersed in a WB 4 majority phase. At low Re concentration, these Re 1−x W x B 2 grains could prevent dislocations slip and make a harder material. This trend is indeed observed with the compound containing 1 at.% Re being the hardest (approximately 50 GPa). Therefore, it is deduced that by adding small amoints of Re to WB 4 an intrinsically superhard material (WB 4 ) may be further hardened by means of an extrinsic component (32) . The overall decrease in hardness at Re concentrations larger than 10 at.% can be attributed to the development of bulk Re 1−x W x B 2 domains, leading to a decrease in the overall concentration of WB 4 and a large increase in the proportion of amorphous boron. The slight increase in hardness for 40 and 50 at.% Re may be attributed to a change in stoichiometry of the Re 1−x W x B 2 phase toward a more Re-rich composition with a higher intrinsic hardness.
While the precise mechanism for the increased hardness by the addition of Re is not yet understood in detail, it is important to note that the measured nano-indentation hardness values for the compound of 1 at.% Re in WB 4 are 42.5 AE 1.0 GPa and 37.3 AE 0.4 GPa at penetration depths of 250 and 1,000 nm, respectively, demonstrating that this extrinsic superhard material is harder than pure WB 4 (40.4 and 36.1 GPa) or ReB 2 (39.5 and 37.0 GPa) at the same penetration depths (16, 19) . The elastic modulus of WB 4 containing 1 at.% Re is estimated to be 597 AE 33 GPa using Eqs. 3 and 4. This value is higher than those of RuB 2 (366 GPa), OsB 2 (410 GPa) and WB 4 (553 GPa) but lower than the value of 712 GPa reported for ReB 2 (15) .
In addition to mechanical properties, the thermal stability at high temperatures is important if these materials are to be considered for applications such as high-speed machining or cutting. Thermal stability curves on heating both tungsten tetraboride and tungsten tetraboride with 1 at.% Re are shown in Fig. S2 . Both compounds are stable in air up to approximately 400°C. The weight gain above 400°C in both compounds can be attributed to the formation of WO 3 , as confirmed by powder X-ray diffraction.
In conclusion, tungsten tetraboride is an interesting material with a Vickers indentation hardness of 43.3 AE 2.9 GPa, a bulk modulus of 339 AE 3 GPa as measured by high-pressure X-ray diffraction, and a calculated Young's modulus of 553 AE 14 GPa. The high hardness of tungsten tetraboride (43.3 GPa) categorizes this material among other intrinsic superhard materials. The two benefits of this compound, facile synthesis at ambient pressure and relatively low cost elements, make it a potential candidate to replace other conventional hard and superhard materials in cutting and machining applications. By adding 1 at.% Re to WB 4 , a hardness of approximately 50 GPa is reached. Powders of tungsten tetraboride with and without 1 at.% Re addition are thermally stable in air up to approximately 400°C as measured by thermal gravimetric analysis. WB 4 and mixtures of WB 4 with Re x W 1−x B 2 , which contain only a small amount of the secondary dispersed solid solution phase, may have potential for use in cutting, forming, and drilling or wherever high hardness and wear resistance is a challenge.
Materials and Methods
Powders of pure tungsten (99.9994%, JMC Puratronic) and amorphous boron (99 þ %, Strem Chemicals) with a ratio of 1∶12 were ground together using an agate mortar and pestle until a uniform mixture was achieved. The excess boron is needed to ensure the thermodynamic stability of the WB 4 structure based on the binary phase diagram of the tungsten-boron system (24, 26) . Furthermore, to test the possibility of increasing the hardness, rhenium (99.99%, CERAC Inc.) was substituted for tungsten at different concentrations of 0.5-50.0 at.%. Each mixture was pressed into a 350 mg pellet by means of a hydraulic (Carver) press under 10,000 pounds of force. The pellets were then placed in an arc melting furnace and an AC current of >70 Amps was applied under high-purity argon at ambient pressure. The synthesized ingots were bisected using a sinter-bonded diamond lapidary sectioning saw (South Bay Technology Inc.). One-half of the ingot was crushed to form a fine powder using a hardened-steel mortar. The powder was used for X-ray powder diffraction as well as high-pressure and thermal stability studies. The other half of the ingot was cold mounted in epoxy, using a resin/hardener set (Allied High Tech Products Inc.) and polished to an optically flat surface for hardness testing. Polishing was performed with a tripod polisher (South Bay Technology Inc.) using polishing papers (120-1,200 grits, Allied High Tech Products Inc.) followed by diamond films (30-0.5 μm, South Bay Technology Inc.).
The purity and composition of the samples were examined using X-ray powder diffraction (XRD) and energy-dispersive X-ray spectroscopy (EDX). Powder samples from crushing the ingots were tested for phase purity by employing an X'Pert Pro™ X-ray powder diffraction system (PANalytical). This test is critical as it determines the existence of other common lowhardness impurities, such as WB 2 , in the synthesized samples. Because X-ray diffraction only gives information about the phase purity of the sample and does not provide elemental analysis, energy-dispersive X-ray spectroscopy (EDX) was used to check the composition of the synthesized materials. This was accomplished by scanning the flat, polished samples using an EDAX detector installed on a JEOL JSM 6700 F scanning electron microscope (SEM).
The mechanical properties of the samples were investigated using microindentation, nano-indentation, and high-pressure X-ray diffraction. To measure the Vickers microindentation hardness of the compounds, the optically flat polished samples were indented using a MicroMet® 2103 microhardness tester (Buehler Ltd.) with a pyramid diamond tip. With a dwell time of 15 s, the indentation was carried out under five different loads ranging from 4.9 N (high load) to 0.49 N (low load). Under each load, the surface was indented at 15 randomly chosen spots to ensure very accurate hardness measurements. The lengths of the diagonals of the indents were then measured with a high-resolution Zeiss Axiotech® 100HD optical microscope (Carl Zeiss Vision GmbH) and the following equation was used to obtain Vickers microindentation hardness values (H v ):
where P is the applied load (in N) and d is the arithmetic mean of the diagonals of the indent (in micrometers).
Nano-indentation hardness testing was also performed on the polished samples by employing an MTS Nano Indenter XP instrument (MTS) with a Berkovich diamond tip. After calibration of the indenter with a standard silica block, the samples were carefully indented at 20 randomly chosen points. The indenter was set to indent the surface to a depth of 1,000 nm and then retract. From the load-displacement curves for loading and unloading, both nano-indentation hardness of the material and an estimate of its Young's (elastic) modulus are achieved based on the method originally developed by Oliver and Pharr (42) using Eqs. 2 and 3:
where H, P max , and A are nano-indentation hardness, peak indentation load, and projected area of the hardness impression, respectively, and
where E and ν are the elastic modulus and Poisson's ratio of the material and E i and ν i are the elastic modulus and Poisson's ratio of the indenter, respectively. The reduced modulus (E r ) can be calculated from the elastic stiffness (S), as follows:
where p and h are load and depth of penetration, respectively, and dp∕dh is the tangent to the unloading curve at the maximum (peak) load. Because the Poisson's ratio of WB 4 with and without Re is not yet known, an approximate value of 0.18 (calculated for ReB 2 ) was used to determine the Young's modulus (15) . The reported modulus values are, therefore, estimates. The compressibility of WB 4 was measured using high-pressure X-ray diffraction in a Diacell diamond anvil cell with neon gas as the pressure medium. Diffraction patterns were collected for the powder samples from ambient pressure to 30 GPa on Beamline 12.2.2 at the Advanced Light Source at Lawrence Berkeley National Laboratory (LBNL). The data were fit using a finite strain equation of state (Eqs. 5 and 6) to calculate the zero-pressure bulk modulus (K 0 ). F ¼ P∕½3f ð1 þ 2f Þ 5∕2 ;
which can be determined experimentally, is a polynomial in f according to Eq. 6:
Fðf Þ ¼ K 0 ð1 − 2ξf þ …Þ: [6] Thus, the intercept of an f versus F plot yields K 0 , which is a second-order fit to the finite strain equation of state. Thermal stability of the powder samples was studied in air using a Pyris Diamond thermogravimetric/differential thermal analyzer module (TG-DTA, Perkin Elmer Instruments). Samples were heated up to 200°C at a rate of 20°C∕ min and soaked at this temperature for 10 min to remove water vapor. They were then heated up to a 1,000°C at a rate of 2°C∕ min and held at this temperature for 120 min. The samples were then air cooled at a rate of 5°C∕ min. X-ray diffraction was carried out on the powders after cooling to determine the resulting phases.
